Although findings from several reports suggest that nonreentrant or focal mechanisms contribute to the genesis of arrhythmias during early ischemia, the contribution of triggered activity arising from early or delayed afterdepolarizations has not been resolved. We have previously demonstrated that B-but not av-adrenergic stimulation induces afterdepolarizations and triggered activity in isolated normoxic myocytes. In the present study, the influence of the extent of cellular derangements as well as increases in [K']. on a-and f3-adrenergic-mediated afterdepolarizations and triggered activity was evaluated. Adult canine myocytes were exposed to one of the following experimental conditions with simultaneous intracellular transmembrane action potential recordings: 1) low Po2 (less than 10 mm Hg, obtained using a specially designed hypoxic chamber) and low (6.8) pH; 2) low Po2, low pH, and high extracellular potassium ([K'].) (10 mM); or 3) severe metabolic inhibition with cyanide (10-6 M). Cells from each group were superfused with either the a-agonist phenylephrine (10`-or 
the genesis of arrhythmias during early ischemia as well as during subsequent reperfusion.1-6We have shown using three-dimensional cardiac mapping that nonreentrant or focal mechanisms can account for approximately 25% of the spontaneous arrhyth-mias during early ischemia5 and 75% of arrhythmic episodes during subsequent reperfusion.6 These studies also demonstrated that automatic or focal activity during ischemia or reperfusion can originate not only from the endocardium but also from epicardial regions in which Purkinje fibers are not present. These findings suggest that this nonreentrant or focal activity must occur not only in Purkinje cells but also in ventricular muscle cells.
The observation that the occurrence of delayed afterdepolarizations (DADs) leading to triggered rhythms is reduced markedly in ventricular muscle in the presence of metabolic inhibitors has suggested that triggered rhythms originating in ventricular muscle are unlikely to contribute to arrhythmogenesis during early ischemia.7,8 However, the extent of ischemia in the intact heart is heterogeneous, and the level of cellular depression as well as the concentrations of intracellular and extracellular ions varies. Accordingly, triggered rhythms may occur in regions at the periphery of the ischemic zone in which cellular depression or the accumulation of extracellular potassium ([K'],) is less pronounced.
Myocardial ischemia may also alter the arrhythmogenic response to adrenergic stimulation, particularly the relative influence of a-versus 18-adrenergic receptor stimulation. For example, exposure of isolated adult myocytes to 10 minutes of hypoxia results in a threefold increase in the number of a-adrenergic receptors9 reflecting events that occur in the in situ heart in response to ischemia.10 Likewise, hypoxia of 10 minutes' duration results in an eightfold reduction in the concentration of norepinephrine required to produce a comparable increase in the second messenger, 1,4,5-inositol trisphosphate (IP3).11 Because 1P3 has been shown to elicit an increase in intracellular calcium, an event recognized to be critical to the development of afterdepolarizations,' it is possible that a-adrenergic stimulation performed under hypoxic conditions may enhance the propensity for the development of triggered rhythms.
The present study was performed to determine whether arrhythmogenic mechanisms mediated by a-adrenergic stimulation develop in hypoxic myo- Sigma Chemical, St. Louis, Mo.), and each bottle was placed into a 35°C water bath. A Harvard respirator (model 607; Harvard Apparatus, South Natick, Mass.) was connected to the needle end of 10 -ml glass syringes (without plungers), and the wide end of each syringe was placed into the polyethylene bottles such that the solution was drawn into the syringe with each inspiratory cycle of the respirator. The respirator was adjusted to permit the HEPES-collagenase solution plus tissue to be drawn up to seven eighths of the syringe height at a rate of 18 times a minute. A stream of 02 was applied continuously to each bottle during the isolation procedure. The tissue was agitated for 30 minutes after which the HEPES-collagenase-protease solution was decanted and replaced with fresh collagenase solution without protease. A second 30-minute incubation was followed by six additional 15-minute incubation periods. A fresh solution of HEPES-collagenase was used for each of the six subsequent incubation steps. The two initial 30-minute harvests contained primarily red blood cells and contracted myocytes and were therefore discarded. Harvests from the subsequent 15-minute incubation steps were centrifuged at 45g for 2 minutes, and the myocyte pellets were resuspended in 2 ml of 50-KM Ca2+-HEPES (pH 7.2).
The percentage of elongated myocytes was increased by separation from contracted and rounded cells using a percoll gradient. Myocytes were layered over 6 ml of 50-,M Ca2'-HEPES with 1.4% bovine serum albumin (pH 7.2), mixed with 4 ml isotonic percoll solution (3.64 ml percoll, 360 gl 9% NaCl, 20 1 to 4 Hz to determine the characteristics of the transmembrane action potential recordings including amplitude and duration at 95% of full repolarization and to exclude that either early or delayed afterdepolarizations could be elicited by the pacing protocol. Drug interventions were performed only after both the control recording interval and the initial pacing protocol were completed.
Experimental Protocols
Hypoxia. Previous studies from our laboratory9 '11 have indicated that to simulate ischemia in vivo with hypoxia in vitro requires reduction in Po2 to less than 15 mm Hg to adequately inhibit mitochondrial /3-oxidation of fatty acids, leading to an increase in cellular long-chain acylcarnitines. In the present study, this was achieved by using a chamber constructed of Plexiglas that formed a tight seal on the stage of the microscope and into which the microelectrode holder was positioned and surrounded by flexible rubber to permit movement of the electrode but prevent air exchange. The solution was made hypoxic by continuous bubbling with 100% N2 for more than 3 hours before superfusion into the bath. Stainless-steel tubing was used throughout, except for the small portion connected to the peristaltic pump. A stream of nitrogen flowed continuously through the chamber surrounding the bath, and a nitrogen atmosphere was maintained by a vacuum line connected to the opposite side of the chamber.
The ionic composition of the hypoxic solution was identical to the normoxic solution except no glucose was present and 2-deoxyglucose (10 mM) was added to inhibit anaerobic glycolysis to simulate the inhibition induced by accumulating lactate during in vivo ischemia.1314 The pH of the hypoxic solution was 6.8. In experiments evaluating the influence of an increase in [K+]0, the same hypoxic solution was used with a K' concentration of 10 mM.
After 20 minutes of control recordings in the normoxic solution, during which cells were paced at 1-4 Hz to assess that no spontaneous automaticity or triggered activity developed under control conditions, individual protocols were begun. In the first series of studies, three groups of experiments were performed. In the first group (n=6), cells were exposed to hypoxia for 15 minutes during which pacing protocols were performed continuously at frequencies of 1-4 Hz. Each pacing sequence lasted for 20-30 beats and was followed by an observation time of 10 seconds during which the occurrence of afterdepolarizations or automatic beats was observed. After the 15-minute hypoxic interval, reoxygenation was initiated abruptly by superfusion with the normoxic solution. Intracellular recordings were maintained for as long as 30 minutes after reoxygenation during which the pacing protocols were repeated. In the second group (n=5), cells were exposed to 10 minutes of hypoxia; then, ,3-adrenergic stimulation with isoproterenol (10-6 M) was begun while hypoxia was continued for 5 additional minutes before reoxygenation. Pacing protocols were performed throughout as described above. In the third group (n = 13), cells were exposed to hypoxia for 10 minutes followed by a-adrenergic stimulation with phenylephrine 10`' M (n=7) or 10-5 M (n=6) during 5 additional minutes of hypoxia before reoxygenation. In all experiments with phenylephrine, nadolol (10-5 M) was infused simultaneously to inhibit any /8-adrenergic component of phenylephrine. Pacing protocols were performed throughout as described Metabolic inhibition. Metabolic inhibition was achieved by adding carbonyl cyanide (10-6 M) to the normoxic solution. Six cells were exposed to metabolic inhibition for 10 minutes followed by a return to the normoxic solution without cyanide. Twelve cells were exposed to metabolic inhibition for 5 minutes Priori et al Hypoxia and Adrenergic Modulation 251 followed by an additional 5 minutes in the presence of isoproterenol (10`6 M, n=6) or phenylephrine (10`7 M, n=6) plus nadolol (10-' M) . After a cumulative interval of 10 minutes of exposure to metabolic inhibition, cells were then exposed to the normoxic solution without cyanide and washout was maintained as long as 30 minutes.
Biochemical assays. The levels of long-chain acylcarnitines were measured in cells (n=6) exposed to 15 minutes of hypoxia in the presence of 10 mM deoxyglucose after a 20-minute normoxic control interval. Aliquots of cells were taken from the bath during the control interval and after exposure of the cells to hypoxia. Details of the assay procedures for long-chain acylcarnitines in this cell system have been described in a previous publication from our laboratory. 15 Terminology. We defined afterpotentials and rhythmic activity according to criteria described previously in the literature.1"6 Terms used were as follows.
Early afterdepolarization (EAD) is a depolarizing afterpotential interrupting the plateau or the phase 3 repolarization.
DAD is a depolarizing afterpotential occurring after termination of repolarization when the resting membrane potential has returned to the diastolic value. It is enhanced by fast pacing rates that cause an increase in amplitude and a shortening of the coupling interval of the DAD to the preceding paced beat.
Triggered activity is activity in which nondriven action potentials originate from DADs. This form of activity has to be strictly dependent on the existence of driven beats preceding the nondriven ones. It cannot occur in an unstimulated preparation. Triggered activity shows the same dependency on faster pacing frequency as described for DADs and is always preceded or followed by DADs Figure 3 , and the data are summarized in Figure 4 . The coupling interval de- Figure 6 . In both cases, after several spontaneous beats, the membrane potential arrested at the plateau level ( Figure 6A Figure 6B ).
Influence of Severe Metabolic Inhibition
Nine cells were exposed to cyanide (10-6 M). The action potential duration at 95% repolarization shortened from 257+13 to 82±11 msec (p<0.001), and amplitude was decreased from 92±6 to 64±4 (p<0.01). These changes in action potential parameters were completely reversible after 10-20 minutes of washout of the cyanide (Figure 10) The three panels are a continuous trace. Note that triggered activity terminates with a delayed afterdepolarization (*).
presence of j3-adrenergic stimulation in normoxic cells. In all cases, treatment with cyanide suppressed triggered activity ( Figure 11 ).
Discussion
Single isolated cardiac cells have a very low oxygen consumption,14'19 primarily due to the lack of attachment to other contracting cells and thereby a minimal load. They have been shown to be remarkably resistant to oxygen deprivation.19 Our goal was to achieve a Po2 level as low as possible in the solution superfusing the cells. To obtain this, a closed system was necessary to avoid contamination of the solution from room air. In our hypoxic chamber, the Po2 was consistently less than 10 mm Hg and allowed us to observe electrophysiological and biochemical alterations over the 10-minute hypoxic interval.
To simulate ischemia in vivo, during hypoxia the cells were exposed to glucose free medium, thereby promoting glycogen as a source of intracellular glucose to be used via anaerobic glycolysis. Although a similar shift in metabolism occurs in vivo in response to ischemia,20 the rapid accumulation of lactate normally inhibits anaerobic glycolysis. Because isolated cells lack an extracellular restricted space that serves as an obstacle for diffusion of lactic acid in vivo,14 it is likely that in our preparation the free diffusion of lactate precludes its intracellular accumulation; During reoxygenation, a delayed afterdepolarization develops (arrow) after pacing is terminated. Note alterations of action potential duration that occasionally develop as a consequence offast pacing during hypoxia or reoxygenation.
therefore, anaerobic glycolysis is sufficient to maintain, to a large extent, cellular metabolism. Thus, to more accurately mimic ischemia in vivo, 2-deoxyglucose, which blocks glycolysis,13,14 was used. Administration of 2-deoxyglucose to fully oxygenated cells failed to elicit any electrophysiological effects, indicating that metabolism was dependent on }3-oxidation of fatty acids and maintenance of normal action potentials when oxygen was available. No afterdepolarizations were induced by 2-deoxyglucose, excluding any direct effect of the compound that could favor per se the development of afterdepolarizations. This system permitted evaluation of the effects of catecholamines in single cells exposed to hypoxic conditions that were analogous to ischemia in vivo. A 15-minute hypoxic interval was selected because previous findings from our laboratory indicated that this interval is sufficient to inhibit 13-oxidation of fatty acids in isolated myocytes leading to an accumulation of long-chain acylcarnitines.9 Indeed, in the present study, we observed a more-than-threefold increase in long-chain acylcarnitines when cells were exposed to hypoxia within the chamber, analogous to that observed in vivo in the ischemic area. 15 These findings confirm that inhibition of 13 tions that we observed and considered to be DADs might be due to localized release of calcium from the sarcoplasmic reticulum24,25 that can occur in a resting cell and therefore cannot be called DADs.1 However, the voltage deflections that we observed never occurred in a quiescent cell. The dependence of these membrane voltage oscillations on a preceding action potential strongly suggests that these spontaneous depolarizations are DADs.1,16 When the effect of altering pacing frequency was studied, a typical frequency dependency indicative of DADs was observed (Figure 4 ). When cells were paced at a faster rate, the amplitude of the DADs increased, and the coupling interval decreased. It is interesting to note that the coupling interval of ,B-adrenergic agonistinduced DADs is slightly shorter than that of a-adrenergic receptor-mediated DADs but is usually longer compared with what is observed in the same experimental preparation during normoxia. 22 Whether this prolongation of the coupling interval of the DADs from the preceding action potential occurs as a direct result of the influence of hypoxia and its underlying cellular mechanism will require future investigation.
Triggered activity also appeared at the more rapid rates of stimulation ( Figure 7 ). This feature distinguishes these events from automatic activity recorded in ventricular muscle26 that is enhanced by slow pacing frequencies. Triggered rhythms always terminated with subthreshold DADs, as shown in recording after exposure to hypoxia in the presence of 10 mM [K+10, and a recording after administration of isoproterenol (10 6M) during hypoxia and high [ Automatic firing independent of DADs was observed in 15% of the cells evaluated during reoxygenation. In three cases, it developed in cells subjected to a-adrenergic stimulation, and in one case, it developed in a cell subjected to f-adrenergic stimulation in the presence of high [K]10, but it never occurred in the absence of catecholamines. Automatic firing appeared not to originate from DADs even if DADs were present concomitantly, and were not preceded by slow diastolic depolarization, but rather originated from a relatively negative membrane potential of -70 mV. Ventricular muscle cells normally do not exhibit spontaneous automaticity.
However, the possibility that a pacemaker current (If or If-like) can be present in myocytes has been suggested. 17 Spontaneous activity in ventricular muscle has been described as differing from automaticity in Purkinje cells or sinus nodal cells in which a prominent diastolic depolarization precedes the automatic firing. 17, 28 In ventricular tissue, automatic activity has been described17,28 to occur with a minimal slow diastolic depolarization and at relatively negative membrane potentials. Our findings in isolated myocytes are in agreement with those observations made in epicardial tissue since in the present study the automatic beats appeared at a normally polarized more negative membrane potential. The conditions under which automaticity in ventricular muscle were described previously are rather unphysiological and include exposure to Ba21 or amantadine, whereas the present data indicate that reoxygenation in the presence of adrenergic agonists are a novel stimulus for the induction of spontaneous automaticity in ventricular muscle.
Severe cellular depression was attained by administration of cyanide, which consistently induced marked depression of electrophysiological indexes and prevented the development of afterdepolarizations and triggered activity by either a-or 83-adrenergic agonists. For example, exposure to cyanide consistently abolished or prevented the development of afterdepolarizations induced by ,3-adrenergic stimulation. These findings are in agreement with previous observations7 that severe cellular depression, even in the absence of additional components of ischemia, can prevent the development of afterdepolarizations and triggered activity. Although the mech- anisms responsible for this effect are unknown, it is likely that under conditions of cellular metabolic impairment, the ATP-dependent uptake and release of Ca2' from the sarcoplasmic reticulum would be attenuated. Therefore, during early ischemia or hypoxia, before metabolic impairment is sufficiently severe, both DADs and triggered activity could be elicited, whereas with a more severe metabolic derangement during prolonged ischemia, analogous to treatment with cyanide, even catecholamine-induced triggered activity would be precluded.
The finding that reoxygenation of cells exposed to cyanide always elicits DADs independent of adrenergic activation suggests Exposure to severe metabolic impairment is associated with a complete inhibition of the development of afterdepolarizations and triggered activity, but reversal of this metabolic impairment can elicit triggered activity, even in the absence of adrenergic stimulation. These data indicate that during the progression of ischemia in vivo, there is a transient phase that might be prolonged in the border zone of the ischemic area in which afterdepolarizations can be induced by a-as well as f3-adrenergic mechanisms.
